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BY II!TOIVIDUAL 30LTS IX BOLTED JOINTS —

BY :7Wnford Be Tate and Samuel J. Rosenfeld .-

s~mmLRY ., -.-. _

A general solution i~ p-re~e-nted for the
tion of loads carried b:f individual bolts in”

Tn -
..-

. . . . . —

deter~iina-
symmet’rical

butt joints . Expreis i“@& fgr bdlt behavior az% ‘given by
which the general solu.tian may @ readily adapted tO thg.
numeric al calculation of belt loading “in jaints made 01
any of several combin.ations of l~~aterials comrnOrlto ~~.~. ~ .._—
plane construction, and an example is .solve.d to _ill~=trate
the numerical procedure. All ew~ress ions. sre confine-d to

.——_

the range of elastic action of joint components. .,
-—.

Tests were conducted in which tkie test specimens were
rlade of 2)._@-Taluminum- ailoy plates fastemed .by two o-r

three ~-inch alloy-steel belts with tk..eBolts+ in a single
4 ..-+..

line in line w~tti.the apulied load, Test results are - .-.—

given in the form of curves Sliotiiri..-bolt-lo-ad histo~>-ies- :
tilPGUgh t?Le elastic and yield ranges to jo-irlt failure.
Empirically baked ~rinciples azz.e~~oposed” ‘t~~___KefinG”tile”
~ractical upper limit of elastic action o_f a Joirit sub-.
ject to static loading and to obkafn ctives, “re>re S&nt Ing
bolt action above this limit for t~ti-ee--b”olt“joints”. ‘-iYi-t%
empirical data, such curves c“ombined with ,ar;al;ri-i-c-~l
eqoations provide a means for ~he p“redictiori @ bolt
loads at any joint load. 1301t-defl-ectio-n;curve-s-tihd “-””~
their relation to the general. problem. are also “presentef.~ – -F

-.— ~—-_: .-, ..........._._ —-

From the tests of three-bolt jo5.nts2 agreement witilin
8bout 10 per–ca”?itwas found _be-tweefit~~bore ti’~al ‘~ld”e@~-r i“.
?_cental bolt loads within the el“asti“cr a–~ge. n~~io~h the
bolts carried markedly unequal loads In the el~”tic .~smge
(as” indicated by theory) ,

.—

it was found- for such joints
(containing not more than three. bolts in the line o.f
stress ) that a process of bolt-load equali.zatroti”took ““-

--..=—.

place beyond the limit of elastic a-ction ivhich for practl- +.

cal Vurnoses caused the bolts to be loaded equally at “--- “-”““”:
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joint failure. Information is needed with respect to
multi row joints, however, because in the elastic rsnge
the bolts in the first rows carry far greater loads
than interior bolts and joint failure may occur before
complete equalization of bolt loads is realized.

_..—--—---—
.——

.
.—

. . .

TYTRODUC!TTON .—

.- =-

::n recent years the need for more rational means of
design ahd analysis of connections has been emphasized by
the exacting requirements o~modern airplane construction.
The methods of joi.ntianalysis are far wore antiquated than
those enmloyed for other parts of the aircraft structure.
Improved methads for predicting joint strength offer a
means of’ reducing weight if they are adapted to make more
efficient use of all connectors wtthin a joint. From the
production vlewnofnt, Jenkins (reference 1) has shown that
appro>lmately 50 percent of the total cost of the all- .

metal airplane frame is due to tonne.cttng the various
cornponeilts of the structure and that the cost of riveting
amd bolting constitutes between 80 and 90 percent of the

‘-

total cost of connections. These conditions suggest a ●

promising field for investigation. ..

The well-established methods ~or computing rivet or
v

bolt loads are based on assumptions derived from ultimate-
strength tests of. a number of riveted joints. %lvets or
bolts of the same size were thought t~arry equal loads
because the ultimate strength of the tested joint was
angroximately equal to the strength determined from the
ultimate EitrengtLof’ a single rivet multipltid by the
number of rivets in the joint, The fact that rivets or
bolts :ln a structural joint do not generally carry equal
loads in the elastic range was recognized as early-as
1867 (preference 2). Eatho (reference 3) demonstrated
that a riveted joint is a statically+.ndeterminate struc-
tural system and that the rivet loads may be obtained by
the pr:tnciple of least work. Hrennikoff (reference 2)
develo-oed equations for rivet loads for a limited number
of joint arrangements from a consideration of the deforma-
tions of plates and rivets. ~o~ner (reference 4) devel- 8

oged a general bolt- or rivet-load equation for lap joints
based c)n the deformations of’ the plates i.n tension and in
bearin~~ under the bolts or rivets.

.
Several investigators

have mad~ use of equetions derived by means similar to
those ~ust “mentioned but have obtained factors for rivet

.-

.
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behavi.ar by tests of verious joint arrangements (refer-
ences 1, 2, pp. J+64-&b9, and 3). SowLe investigators
have dealt with butt joints (references 2, -pp. 4d.@}6g,
and 5), some with la? joints (references -1 and .4), and
some with both (references 3, 2, ~, and 6), A brief
histor= of early investigations is given in reference 2,
PP. 47~-484.

T~.e ~resent paper deals with ti-leproblem Of load
distribution among the bolts of symmetrical butt joint-s.
Tests were conducted to determine ex~~erimentally, both
within and above the elastic range$ the manner in wl~icb.
load was distributed among the ve.rious bolts . The test
snecirjens were doubly symmetrical tWo- and three-bolt
joints made of 24.S-T aluminum-alloy plates joined by a

single line of ~-inch alloy-steel bolts.
4

Reference to a

joint having a certain nuzioer of bolts ~eans that the
total joint load is imposed on that number of bolts.
Analytical expressions, based on elastic action of’ the
joint components, are given wk~ereby the bolt loads may
be conqnuted and the e.xperitiental-fid analytical results
are compared. TLe important question of joint action
above the limit of elastic behavior is most readily
treated from the stand~oint of empiricism, Principles,
based on the test results, are suggested, but such princi-
ples can be extended for general application only when
appropriate empirical data sre i3vaila?21e. ___ =.

--..——

SYHBOLS

A cross-sectional area, squazze inches

c bolt constant, dependent upon elastic properties, —
geometric shape, dimensions, snd manner of loeding
of bolts, s.nd upon bearing-properties ala thick- ..

ness of plates, inc-nes per kip ..._—.—

D bolt diameter, inches
-...

z Young!s modulus, tension or compression, ksi
..

G shearing modulus of elasticity, ksi

4
#

~ geometric moment of inertia, inches ,—



-. ..:

nlat-=~onstant ?~r tension or compre.sston loading,
de~endent-mpon geometric shape, dimensions,

.< ?lastic properties of plates, and assumed stress
distribution, inches uer klp

..

iength, inches
.

bendin~ moment, inch-kips

number of bolts in transverse r~w

.

.

.
—

.-
-=.
-.

—

external apnlied load, kips

‘bolt load, ktps

plabe width, inches

-pitch, inches

thickness, Inches
!.

unif’arm load on b~lt per unit length, kips por-fnch .

dist~ze measurEtl along bolt axis, inches

Ai.stance measmed in plane of loatlng normal to bolt .
axis , inches —.

. . ..... . ..

numerical factor for beams b+ which fiverai?esheari~
stress is multiplied b order to det~~ine
=hearirg stress at-centroi.d of a cross section

deflection “of bolt, !.nches

ileformation

.;ensile st-rain

(~trect stress, ksi

:~hearhg stressj ksi

S-ubscripts: .<

F f’ixed-end

av average

.—

.

=-

.
.—.x

●

..+
.=+
.-
—

J .—

-..
-—.-

.=. .-
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s

m

.

.

b

bb

br

bs

gr

i

n

P

s

bolt

bending of bolt

bearing

shear of bolt

critical

any transverse row of bolts

last transverse row of bolts with reference to end
of butt strap

.--—

any plate, or main plate

butt strap

Special combinations of symbols:

measured tnternal load in lower main plate (see
fig . 1) at a section where pL skmuld equal P,
l-rips . ,-— -..

measured internal load in butt straps at center of
joint, where F’s should equal P, kips ._

measured internal load in upper main plate (see
fig . 1) at a section whero PTT should equal P,
‘kips -...

i-l

z R summation of all b~lt loads from row 1 to row i-,

1 excluding row i —.

THEORY AND BASIC ASS-~PTIOIE

Elastic behavior of joints6- A bglted joint is a
statically indeterminate structural $~st~m”~nd can be
analyzed as such a system if certain c~ndit~ons are “kfidwn

.

:Ir assumed. The theoretical solut~ofi gtven in appendix A
for the determination of the loads carriqd by b~lts Zn
symmetrical b~tt joints is based upon the followf.ng.con-
ditions :

(1) The ratio of stress to strain is constant,



. . ..- -----

s—..

*.

u-
-7(2) The stress is unifcrmly distributed aver the

cross eections of main plates and but fitraps

(5) The effect of fricti.cn is negligible

(4) The..bo.lti?tit the holes initially, and the
material of the plates in the i,nunediate vicinity of the
holes is not damafled or stmessed in making the holes ar
by inserting t%e bolts

-.

(5) The ralatianship between ?wlt de~lection and
~olh lo=?! is lir.ear in rl.,eelastic ran~e

..-

On the basis of these assumptions, it is found far sym-
metrical butt .Iointisthat the relationship between the

—
--=

loads on any t~ra successive belts in a si&le line cf
bolts is —

(1)
.

si
-..

.,..~.

.Squat.~on (1) is used in the computa~ion of bolt loads
appen!itx B.

= .—

—.

i3ased on assumptions 1 and 2> the plat-s ccnstant
~Lay b(; Shted fig

. .

— .-

The lflnear relation between bolt load and deflection
(assumr)tian 5) may be expressed in terms of the bolt
cGnstslnt c as

—.
-..—

,.-

6=9 (3)

In the determination of C it is assumed .that-the
bolt acts as a fixed-end beam w!th the bolt.load R dls-
tribute~ uniformly along a length equal tu the main-plate
thickness. Acting in the opposite direction, the bolt
loal is uniformly distributed along two lengths, each
equal t-o the butt=stra~ thickness. Bearima stress is
computed in the conventional manner as bolt loed divided
by an area-that is determined by projecting the b~lt
diameter on the plate thickness; and bearl+g deformations
are expressed in terms of’ the compressive moduli of the

-. - .-..
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materials and dimensions of the bolt and plates. From
these considerations, C may be stated aZ75110ws “Yor
joints made of .24S-T plates with a butt-strap thickness

()
of one-ha~ the main-plate thickness ts = ~ and

fastened with alloy-steel bolts:

0, .,:bb {O.,,(:y [2.12+(97+ 1.87} (4)

For other symmetrical butt-joint arrangements, expressions
for C are given in appendix A. (See equations A16 to
A22. )

The third assumption (that the effect of friction is
negligible) gives rise to a highly controversial paint in
the literature on riveted joints. It smears. at lesst
in the design range common-in civil-engi~eerin~ practiceJ-
that a large part of the joint load is carried by friction
in hot-riveted joints and in bolted joints if the baits
are drawn ti ht. ‘Tests reported by Hill and Holt (refer-

ence 2, PPm fki+-46j) indicated, however, t,~at friction is ~
of little importance as a factor in-the behavior nf
riveted joints. Epstein (reference 7) also conducted
tests that indicated minor .frictio.nal effects in cold -----
riveted joints.

Apparently the fourth assumption (that the bolts fit
the holes) would seldom be fulfilled i-n--an-actual joint,
and departure from this assumption would”he determined
largely by fabrication methods. Zt s~~uld be iemernberedj
however, that although the pres8pce_of numerous lmlts in
a joint makes the likelihood of err6r8 from--extfi’&n@o-us
sources grqate~, the percentage dgv:ati~n from the pr-q- -
dieted theorktical”bolt load will probably-be less thmi “-
in the case where only a small number of bolts ma”ke..up.._.
the joint, because such errors are distributed among a
larger number of bolts In the first instance than-”~”rithe””

. ....

second. It may be anticipated, therePorej that the main
features of the analysis will hold fihen comiections “ae
joined with several bolts and when good shop practices
are used.

.-

Further consideration of the second and fifth assump-
tions is made in tine discussion of the analysis of test
tiata, and the third and fourth assumption~ were fulfilled
insofar as practicable in the fabrication bf “test Specimens.
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Inelastic behavior of joints.- AS load on a joint Is

increased, a load is reached at which yielding of the
plates or of the bolts occurs. Whether yield takes place
firs-; in the plates or bolts or occurs simultaneously in
both depends upon their relative dimensions and elastic
propertie~. It is therefore possible for one component
to act elastically and the other inelastically, but the
yielding of any component constitutes the beginning of
inelastic action of the joint as a whole. Interpretation -
of this viewpoint, however, shotild be practical and
should not Include yielding of small regions where there
are stress concentrations when such yielding has no
appreciable effect on the over-all elastic behavior of
the joint-, A part- of the behavior of a joint may be pre-
dicted from an elastic theory, and empirical methods may
be employed in the determination of the upper limit of
elastic action and of joint behavior above this elasblc
li,mit. This upper limit of elastic action is termed the
llcritiical bolt load” Rcr in this paper.

~.-..-—....% G“..—
;*-

“-
.
-...
.—

.

. -.

In the analysis of three-bolt joints in which the
main plate and butt straps are of the same width and

.

+
.

material with ts = and are joined by bolts that are

all of the same size and material, the following procedure
may be used to predict the joint-load against the bolt-

.

load (P-R) relationships throughout the elastic and yield
ranges to joint failure. The Brocedure, however, haa not
been extended to include other joint arrangements because
only two- and three-bolt joints were tested. For the
elastic range, the P-R relationships may be established
byme.ans of equatton (1). These relat~onships may be
plotted and the experimentally determined value of Rcr
plotted on the P-R cu”rve for the most heavily Io”adeclbolt,
which is either end bolt for the case under consideration.
The e:nd bolts can be shown to support equal loads, and
eithe:r one carries a greater load in the elastic range
than the middle bolt. (See appendtx- C.) A sg:;l~g line
may by? @awn connecting the points for Rcr “

average bolt load at failure, which is equal b the jolnt-
~ai.lu:?e load divided by 3; thus the P-R curve for either
end bolt is completed. The end-bol~load RI may be com-

puted for any joint load from equations of the straight
lines obtained as outlined. Load R2 on the middle bolt
may be found at any given joint load as R2 = P - 2R1.
The values of R2, however, are of less importance than
the greater loads RI on the end bolts and i-nmany cases
it is unnecessary to comput--lues ot R2. .

.-



NACA TN NO. 1051 9
.

TEST SPECIMENS AND PROCEDURES

Specimens and Apparatus

Specimens .- Materials common to aircraft construction
were used for the test specimens, which were selecte”d t6
provide a plate-thickness range sufficient to check the
applicability of the theory; Six syimnefrical butt-joint-”-””
specimens - three of. tke two-bolt joints and three of
three-bolt joints - were fabricated and te-sted. Each
specimen was made symmetrical about its transverse center
line. Such a condition provides duplicate test specimens,
as the theoretical behavior of the pa~t of the joint on
one side of this center line is identical with that of the
part on the other side of the line. The specimens were
classified in two .grotips, A and B. It was decided to
test two-bolt joints (group A“] f.n order to procur~ iti.or-
mation in.regard to the reliability of the method ~or”
determining bolt loads from s~rqin w,easurements and to ~~
secure additz~nal information which. might s-egv~-in the
interpretation of data obtained from tests of thre~~bolt’
joints. The three-bolt ’joints (gPoup B) were chosen t~”””
furnish an experbental check of the theory S.nd tti”dxpe-”
dite testing and the analysis of data, -i

.-

In all cases, the material of”the plates was 24..S-T
aluminum alloy and the bolts were ~-inch aircraft bolts,

equivalent to those specified in r%ference 8 of heat-
treated alloy steel with minimum ultimate tensile-and
shearing strengtl~ of 125 ksi and 75 ksi, respectively... .

Specimens..A-l. and B-1 were of ,balanced .design.based
on the usual assumption that load is “divided equally
among the bolts. The design stresses were .62 an~4~0 ksi
for tension and bearing of the” plates”j ”rES~&~tiv81yj and
75 ksi for shemhg of the bolts. AlthGugh reference 8
permits a greater allowable tensile stress, it was con- _
sidered advisable to use 62 ksi to attain the a~tual
Shlear strength 9f the. b~lt?, S~ecimen’ A-2 and B~2 y?re=
designed to fail in shear; and specimens ‘A”-~and B-.3, ‘i;
tension. In every case, the butt-strap thickness was
one-half that of the main plate,.

i
A width of 1 inchss

and a pitch of 2 inches were used for all specimens in
order to accommodate the strain gages. A wring f~t-was”
used to fit the bolts in all specimens. In pref’erence-’to
washers, collars made of ~-inch ste”el tubing were placed__

.

-.. ~

.

— ——

—..—

.-
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under the nuts to eliminate bearing of the plates on bolt
threads . When the’ specimens wore assembled, the nuts were
first tightened to bring the plates together and then, in
order to eliminate friction forces insofar as practicable,
were loosened to cause firm contact-between the bolt heads
or collars and plates, The specimens are shown in figure 1
and their dimensions are given in table 1.

a kL.d#%%F
.- Load was applied in tension by means or

esting machine having 100-kip capacity and
an hccuracy within 0.5 percent. Wedge grips were used r
apply load to specimen A-1, and the remaining specimens
were gripped with Templin grips of 50-kip capacity.

1
strain was measured by ~- Inch SR-~ electrical gages.

kith these gages, the error in strain measurement did nob
exceed 2 percent. An attempt wus made to measure bolt
deflections by means of micrometer microscopes but was
abandoned because the instruments wore not sufficiently
precise to measure the small deflections that occurred in
the elaatic range. As l~ad was applied, cnlargoment of
the gap between mati plates was measurGd with l-inch
Tuck-erman optical strain gages. The arrangement of elec-
trical strain gages is shown in figure 1 and the general
test arr~”geme”nt for a typical specimen is shown in
figure 2.

—.
.

.--..

.

..

.

.

.

:-.:

.—
Testing Procedure

The width and thickness of each plat- wene measured
at several points along the length of the plab with a
micrometer caliper of O.0001-inch precision, and the bolt
diameters were checked as a precaution against the use of
appreciably irregular bolts. .—

;-~ading t6St”s in the elastic range,- In the loading
teats in the elastic range, load was applied In six or
seven (usually equal) in~rements to a load approxlmatoly
equal to 45 percent of the estimated ultlmate load. The
specimen was then unloaded with repetition of the incre-
ments used in the application of increasing load.

w
Thi S

pzzocoss was repeated twice; with the specimen thus sub-
,Iectecito three complete cycles of loading. Strain
readings were made at each increment of load.

r“
This pro-

cedure was followed in testing all joints with the excep-
tion cf specimen A-1, which was loaded directly to f.ailuro.
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Loading tests to failure .- AI-ter the first phase of
testing, the speczmens were Loaded to failure. - Load was
anplied in 12 to lb increments until failure occu-red.
Strain and tl>e increase in width of the gap between rnafn
Dlates were observed at ,eech load increment .--”-fhotosra hs

iof ‘de fractured specimens are shown as figures ~ and .

Auxiliary tests .- ~tress -strain dat.a.we.r.asecured
from, tests of stau~dard tensioh specimens repre~enti.~g the
plate components of the joints. The location of the t9n-
sion specimens in rela~ion to the plates-from which they
were obtained is shown in figme 1.

Shear tests” of single bolts were conducted in order
to evaluate a double -s’fle~ stren@j~ that would be repre-
sentative of t_he bQl@ employed in joining the s~ecil~ens
& groups A and 3, FOP th~se tests, the nlates were tif
S. A.E- bl~~ heat-treated steel and a wti~ fit was used
to fit the bolts. ‘The“tkl.mensi.onsof the specimens are
shown in table 1. As i~ was desired to co--pare s4flarat61y
~etermined bolt deflections with avera~e--values cmnptited
~rom the movement of the gap, three sets of Gef’lsction
measurements were obtained in e“ad~i of two tests. ;;ove-
ment of the gap was cieterm~ined in tke “manner used to
secure similar data for speci~ens cf groups A and &
Deflection measure~.ents for both bolts were obtalne”d -
seqe.rately by placing 2-.inclnTu.ckerman g&ges on oqpc”&i”te
faces Or Q specimen with.‘the fixed kn~re edge O-f ~. age

%on t’he butt strap ad with the lozen& .on tile main p ate .
Precautions were taken to 5nsure approkirnate parallelisxz
between the gages and plate surfaces ,

—— __

PRESENTATION AID DISCUSSION OF RESULTS

Determination of Bolt Loads and Deflections. ..
from lest De.ta . .-—-—.

The experimental bolt loads were obtained by finding
the loads in the butt strans at sections .n]id-#Qy-between
bolts ; the difference between loads at two adjacsnt -sec-
tions was considered to be equal to the laa~ on the intar -
veni.ng bolt. Butt-strap loads wera computed f=?om “st-rain
data; snd for specimens _A-1, A-2, 5-1, and B-2 .tfi~loads
were corrected for the ei’feet of lateral bending mcrnent
in the butt straps, which acted in a plane nomnal to the
glane of the stra~s. The lateral moment was induced ,by
eccentricity of the resultant of the part Gf a bolt load

——

-—

—

.-

-.

—..

——
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that was transmitted to one butt strap.
_.

The curves of
the butt-strap lo&ds Ps are plotted in fi~ures ~(a) tw
15(a) to illustrate the effect of lateral bending and are

.

shown in conjunction with the curves of joint load against
bolt load because of the internelationshtp of these curves
owing to the use of’ P~ in the determination of correc-
tion factors. Calculation of butt-strap loads, the pres-
ence of lateral bending moment, and the correcbim pro-
cedure are explained in appendix D.

The methods used in the detemninatlon of bolt deflect-
ions are based on relative ~vements of the main plates
and butt straps. Elongation of either the main plates or
butt straps, depending upon the location of instruments
usedto measure joint movements, was included in measure-
ments obtained during the tests. Deflections were com-
puted by subtracting such elon~ation (considered to be
PL,/AZ) from the test measurements. A more detailed expla-
nation of the methods employed 1s given in appendix D.

.-—

Curves of Saint I.aad &@inst Bolt Load

The main resul’rsrof this investigation are presented .

in the form of curves of joint- load agaigst bolt Load
shown in figures 5 tu 15. These curves show the load
histc)ry of each bol~d indicate the behavior tha&may

.

be expected of bolts loaded under conditions similar to
those of the tests.

Elastic behavior of t-est specimens.- bFigures 5 try
show bolt-load values determined from f%e loading tests
in the elastic range;- The curves accompanying tfie plotted
points represent experimental curves for the same boLts
obtained from the tests to ~ail.ure. During the testing
of’ specimen ~-3, the strain gages at the center of the
joint on one butt strap became loosened. As a result,
the values of Ps , R2 , and R5 could not be determined;

hence, only the curves for RI and R~. are s“hown in

figur~ 6. Replacement of the inoperative gages was made
prior to the testing of specimen” A-3 to Pdlure. Inspec-
tion of figures 5 to 9 shows that there iS Sood agreement .

among therepeated bolt loads and between these loads and
—

the cutives from tests tcm?ailure. .

,Fi&ures 10 to 12 give the results of tes~ing the
specimens of group A to f’ailure. Both theory--(appendix C) . .

“.”:
..

,, --
.-
.-
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and the conventional method of analysis (that is, the
assumption of equal loads carried by the bolts) indicate
that the P-R curves should be represented by the equation
R =0.500P. This curve is not shown, however, as it was
considered more informative to give the experimental
curves and their equations. In every case, the equation
given for a curve applies to the initial straight-line
portion of the curve. In general, it may be seen that
deviations of 3 to 11 percent from an equ-al distribution
of load to the bolts occurred in the two-b~lt,joints.
The maximum deviation from equality of bolt loads occurred
in the right end of’ specimen A-2, wherein the fourth bolt
supported about-20 percent more load than indicated by
either the elastic or the conventional analysis. It
appears that differences between loads carried by the two
bolts in one end of a joint were due to fabrication ine-

—

Nualities and viability of the properties of the bolt?.
Considerable vsriation of bolt characteristics was shown
by results of the auxiliary sheti tests; thak isj%~lts -
which were presumably identical and under the same loading
conditions deflected amounts in the elastic range that
differed by as much as 35 percent, and double-shear..
strengths were found to ra~e from ~ to 52 percent greater

. than stipulated by the specification in r6~6r”ence 8. (See
table 2,)

.
Figures 13 to 15 show bolt loads that were obtained

from tests to failure of the specimens of group B and are
plotted for comparison with analytical curves, which are
shown only up to that load above which they- no longer may
be considered applicable. The analytical expressions
given in the figures were obtained by use of equation (l);
the manner in which they were determined and sample calcu-
lations are given in appendix C.

For the three-bolt joints, the P-R curves (figs. 13
to 15) clearly show the inequality of bolt loads within
the elastic range. The end bolts (1, 3, ,4, and 6) carried
loads that differed from the analytically determined bolt
loads by amounts ranging from 3 to 10 percent of the ana-
lytical values. In some instances differences of about
20 percent were found but are considered to be of little
importance as they occurred at bolt loads below one-third
of the critical bolt load Rcr. The middle bolts (2 and
5 ) supported loads that differed from the analytical bolt
loads by amounts ranging from 5 to 20 percent of the ana-
lytical values. Loads on the middle bolts, however, were
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is in good agreemqnt. with similar bolt-load values feund
in other tests. (See table 3,) Specimen A-1 acted some-
what differently above RGr than the other specimens,
but it may be seen in figure 10 that the general tendency
was toward equalization of bolt loads at joint failure.
Attention is called to the test conditions: specimen A-1
was tested in wedge grips, and bending of the joint as a
unit, rlsvealed by strain gages on the main plates, existed
to an undesirable extent-. Perhaps averaging the strain
measurements did not fully compensate for this effect and
gave an indeterminable error in the computation of bolt
loads. The use of Templin grips precluded bending of the
entire specimen sRffici,ently to lend assurance of a negli-
gible effect on the remaining specimens,

The fact that all bolts in the two-bolt specimens
did nol; carry equal loads was probably due to inequalities
in fabrication and variation in the bolts. Because these
specimens contained only two boltsj the i.mport-ante of such
condit~-ons was mtignified in the two-bolt joints but was
less disturbing in the three-bolt .joints. For practical
purposes, however, there was a uniform distribution of
load among the bolts of each test specimen at failure.

Qitical bolb- loads and basis of empirical curves.-
The general behavior of speci.m.ens A-1, A-d, and B-5 as
depicted in figures 10, 11, and 15 suggests that the upper
limi,t=cf elastic action of a joinb--subject to static
loading can be termed the ‘~critical bolt load’! Rcr. The

critical bolt load is dependent upon the factors that
contribute in bringing abouti equalization of bolt loads,
which are yielding of the plates in bearing under the rm?st
heavily loaded bolts and yielding of these bolts, SuGh
yielding is dependent upon the mechanical properties,
dimensions, geometric form, and manner of loading of the
plates and bolts. From these considerate.ens, the critL-
cal bolt load Rcr is defined as that bolt load at which

yielding of the plates or bolt or a combination of both
nccurs to start the action of bolt-load equalization.
The critical bolt Iaad is found from an experimental curve
as the value of R at the intersecttin of the straight-
line portion of- the lower part of the P-R curve with that
of the upper part an-d is deterr,ined fr~m the curve for
the bolt that carried the greatest load when yielding
occunred. The method is illustrated in figures U7(~ ) and
11(?)!.Evaluation of Rcr for purposes of design or analy-

sis requires data in re~ard to the appropriate plata and

.

.

.

.-

-- —. .-
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bolt besring stre~ths and sLhear strength.: of bolts . For
the test specimens, 10 ads and str&Q’s&s at Rc-r- and ‘f”ail- ‘“
ure are given in table 5,

—. .

~Empirical curves for the three-bolt. joints are based
on t’he observati-o”n that ‘Iik@ge”’neral tr’eridof’ the bolt -
l~ads above Rcr was toward eq-uality at ftiilure “of the- “-

joints. The cqrves were obtained ‘for the end bolts- by
drawing a straight line corinec~ing the point r“epfi=se’titlng
R ~r with the po-int plotted for the average bult _load at

joint ~ai~ur.e. - ‘&e- ‘point repre-segting “Rcr was deier---

mined as the intersection of the vertical line that :
locates Rcr along the R-axis with the analytical curve

obtained from the elastic ana”lysis ● The average bolt
load at failure was computed as tine ultimate joint load
divided by the number of bolts that supported the joint
load. Curves for themlddle bolts. (2 and 5) we-re obtaiaed

- from conditions of symmetry and equilibrium; “that ‘is,” ‘- “-
R2 = P - 2R1.

--
-.. .. .. ..._----

. In order to determine empirical curves for speci- .
mens B-1 and B-2, data frcm the tests of .spec@ens .A-~

. and A-2 were used. .Because of the curvatme. -o’fthe” u“pper
. parts of the P-R curves for specimens B-1 and B-2 ‘(figs.13

and 1.4), Kcr could not be detenined for either speci-
..

men. The value of Rcr shown in figure 13 for s-~e=imen

5-1 was computed from the average of b-earing stresi”es - “-–-– ...—

calculated for the critical bolt loads of specimens A-1
and A-2. Inasmuch as the plates of specimen B-2 were of
the same thickness as those of specimqn A-2, t-he two
specimens should have had the same value of’ Rcr; ftiti ‘

this reason, the value shown in figure ~ is the- sane as
the value obtained from the test results for specitien l-2.
Rrpir.ical curves for specimens B-1 and B-2 were can- -
strutted with the values of R~r thus found as the
starting points and the average bolt loads at failure
as the end points. -. --- —_____

—

The bolt-load-equalization process probably starts.
before Rcr is reached; but Rcr, as used hereifi, pro=. -
vides a definable limit for the- transition from formulas ‘
based on the assumption of elastic “behavior-ta emplrlcel
expressions . Such empirical expressions are .af practical
interest as a basis far desi~n at limit load, because —

such design generally comes within the ra-nge “between R cr



.-

and failure and current desi~n methods make no allowance
for the unequal distribution of load among the. bolt= that
exists within the greater partrof this range. The process
of. bolt-load equalization is undoubtedly more complicat~d
for joints conteini~ more bolts in line than the speci-
mens of the present tests. As a result, it 1s improbable
that .relatlonships for empirtcal curves above Rcr for

mullxirow joints are as simple as those found in the ,
present tests. It appears probable that failure of’ the
inltii~l bolts in a multirow joint may occur before the
process of equalization is completed and may t.aus cause
joint failure at a load appreciably less than the sum o.f
the ultimate strengths of the individual bolts.

Curves of”iblt Load Againsti-fief”lectlon

~}eflection of bolts in specimens of Rroups A and EJ.-
Curves of bolt load plotted against+ eflection are pre-
sented in figure 1.6. The curves of figure 16(a) sh~w
average deflect-ions 5av of the two central bolts, one
on each side of the gap between rmi.n plates, in each
specimen of groups A and B. In plotting the curves of’
H against ~av, th- values of R were thuae computed
from stratn data and used to plot the P-R curves. Curves

obtair.ed by means of equation (3), 5 = ~, are plotted

for comparison with the experimental curves; and deflec-
tions corresponding to the values of R~r determined
from the P-R curves are shown.

It may be seen in figure 16(a) fm the specimens of
groups A and B that, in general, bolt deflection increased
rapidly after the critical bolt- load Rcr was reached.

Below Rcr there is excellent ag~eement between the

experimental curves for specimens A-2 and 3-2, which is
in conformance with theory since both specimens were of
the same thickness and fastened with bolts of the same
size a:nd material. There is good agreerient, moreover,
between the experimental points and the plot of equa-
tion (:3), as the greatest dif~erence for either specimen
is about 10 percent of the correspdnd~ng analytical value.
For specimen B-1, the experimental curve diverges from
the cw?ve of equation (3] between the origin arid Rcr by
a maximum of 45 percent and shows a divergence of about–
SO percent at Rcr. Such disparity is not surprising, as

.



the auxiliary tests show that presumably identical bolts
may deflect a.rnounts that differ by as much as 35 perce”nt
arid the two methods used in the determination of 5av

yield results that may differ by ap~r~~mately 15 perc&t~
The experimental.deflection at Rcr for specimen A-1 was
about 36 percent greater than the value cmnputed by means- -.._

of equation (3); and between the origin ~nd a~ou; $lcr,

the differences we~e between 10 and 20 percent. --;;

The experimental relationships for specimens B-3 and
A-3, as shown in figure 16(a), are represented by defi-
nitely curved lines. Apparently the straight line repre-
senting equation (3) is anal~gous to the secant line used
in determinations of the secant modulus of elasticiti~ for
materials having nonlir~ear stress-strain curves. up .tp
a bolt load of one-fourth of the average bolt-load at _
failure, the measured deflections were approximately -.

70 percent less than the analytical values; and at gng-
half the average bolt load at failure, about )+5 percer~t
less. -The curve for specimen B-3 crosses the analytical
curve at about 0.8 of the average bolt lo-ad at fail-me; .-,
and the curve for specimen A-3, at about d.63. ““”“-

Deflection of bolts in auxilisry (steel) s~ecimens.-
The bolt load against deflection (R-5) relationships for
bolts in two specimens for the auxiliary Sklear tests .we

shown i.n figure lb(b). From these relationships a C’oni---
parison is made between two methods for the experimental
determination of average belt deflection, and deflection
characteristics of bolts loaded under” th6 same conditi~ns —
are compared. The R-51 and R-52 curves shQk deflec-

tions that were determined separ~tqly for each bolt.
Deflections 61 and 62 were averaged and:are plotted

for compertson with values of. 5av, which were c~&~lted.~.~

from data for spreading of the gap between main .plates;
and curves obtained from. equation (3) are shown for com-
parison.with.the experimental resul~s.. .:> . _ .. .

In figure 16(b), the experimental. deflections 61

of bolt 1 in specimen 1 and 52 and ~av o-f the b-~lts

in specimen 2 agree with values calculated by-means of
equation (3) witihin 3 percent below R = 5 kips. The
measured deflections 62 and bav of the bolts in speci-

J-

m.en 1 were approximately 25 percent less and~the. defle.c-
—.-

tions 51 of bolt 1 i.n specimen 2 were about 35 percent “ ‘“
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. . . . . ... !

_+. .

. .

.+-:.

.

..-

greater than values of def~ec”tiou determined from equa-
tion (3). The averages of’ 61 and 62 were about
15 percent--less for specimen 1 and about 15 percent
greate:e for specimen 2 than deflections computed by means
of equation (3), and both sets of average deflections
were f:?om 10 to 15 percent le9s than corresponding values
of 6a.~-, which were based on measurements of gap move-
ment.

.

—.

Qscussion of results in relation to the R+ curves.-
It is seen from the deflection curves (fig. 16) that Rcr,

as determined from the P-R cubves, was the load carried
by a bc]lt near the beginning of appreciable yield of the
bolts orplates or both. It may also be noted that a
greater rate of deflection of’ the bolts in the steel
specimens occurred above a load of 5 klps whereas in the
aluminum -specimens this actl.on always commenced at-lower
loads. Such action is due to differences in the bearhg
behavicm of the two materials.

,—

Fcr the comparatively thin specimens, A-3 and B-3

(
for wkich #- = 1.5.4 and

)
1.33, respectively , the rela-

P
tionships between load and deflection were nonlinear; for

the thick specimens, A-2 and B-2
(
for which & = 0.50),

approximate linearity was shown to about 60 percent of
the ultimate bolt load; and. for the specimens of balanced

design, A-1 and B-1
(
fur which

~
= 0.80 and 0.67,

)respectively , approximate linearity existed to about-

50 percent o~ the average bolt load at failure. Probably
the difference in behavior of bolts i.n the various speci-
mens may be attributed to bearing act-ion. The effects of
bearfng.vary with the bearing properties and the relativo
dimensions of the bolts and plates, and bolt deflection

in the thin specimens
(

D.
—= 1,33 and 1.54) was largely
%

dependent- upon bearing a~t-i.on. The observed nonlinesr
relatio:aship for deflection of the bolts in specimen B-3
explains, for the most part, the slightly curved shape of
the P-R variation for specimen B-3 (fig. L5). In the
calculation of boltideflection by equation (3) the bearing
terms in the expression for C have less influence on
the results for a constant bolt size in specimens with

.

.

.

L

.---
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thick plates
(

D
—= 0.50 to 0.80
tp

)

than with thin plates

.

(D

)
— = 1.33 and 1.5,4 . It appears, furthermore, for the
‘P

(

thick specimens Z = 0.50 to .0.80
)

that equation (3)
‘P

furnishes as satisfactory an approximation of deflection
us measured values, because of the variation in the
bolts and uncertainty th&t evidently attends the experi-
mental determination of bolt deflection. Also , despita
the nonlinearity of R-5 curves for the thin specimans,
the assumption of a linear relation between bolt load
and deflection was satisfactory for use in conjunction
with equation (1) to establish P-R curves for speci-

($=1””)”men B-3

.

Fortunately, the analytically determined bolt-load
relationships are relatively insensitive to appreciable
changes in magnitude of the bolt constant C or the plate
constant K; neverthelesss, further investigation of these
factors ts necessary. The effect of bearing has a large
influence on the magnitude of C, anii the present test
results that are given as R-6 curves point to greater
uncertainty of the adequacy of the bearing terms th”&”n
other terms In the expression for C. In addition,
further study of K is desirable, aa short pitch may
cause behavior that would make the actual bolt loads
more dependent upon this factor than-is indi”6ated by
present knowledge. .-

-.

CONCLUSIONS

The follcwing conclusions are drawn from the results
of this investigation and apply to symmetrical butt” joints
made of ~,S-T aluminum-alloy plates joined by two or three
wring-i’ltted alloy-steel bolts of the same size with the
bolts in a single line in the line of applied static load$.-

1. For joints in which the total load is imposed Qn
three bolts, the bolt loads are not equal In the elastic
range, as assumed in conventional analysis, and can be
calculated within about 10 percent by me-ans of the expr”es-

—

si.ons presented in this paper.

2. Above the elastic range, a process of tilt-load
equalization takes place as a result of yielding of the



plates in bearing, yi3idi@ of the “bolts in shear and
bendir~, or a cambinaticn of’ botn; for practical purposes,
thi9 B.ction Cauges the bolts to supportiequal loads when
joint,-failure occurs. :

3= Above the elaGbi.c rmge, also, the analyt~cal
curves can be e.xter.de,din an em.plrical manner anq this
extension may be used to p~rovi.de a basis ~–r limitr-l~ad
design.

..:x-
;~. —.

.
.- -..====.

.

s

4. -For -jti~riii“in’w~ich- the total load is imposed O?l
two bolts, the. clistri%utiiaa of- load to the bolts at the
ultimate joint Iaad is less af’fected ‘oy fabrication ine-
qualities and variability .afmaterials than is the dfstrl-
button in the elastic range. --

.—

Langley Memorial Aeronautical Laboratory
‘National Advisory Committes for Aeronautics i

Langley Field, Vs., December ZO, l?&5
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DEVELOPi\ENT OF AHALYTIC AL EXPRESSIONS USED II;
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DETERIJINATION OF BOLT LOADS FOR ELASTIC

~“EAVI OR OF SYMMETRIC A2 BUTT JOINTS

General Bolt -Load Re latfonshi~

Definitions and assumptions .- The type of bolted
confection aealt with herein is. termed a llsymznetrical
butt joint. ~t In order to clarify the meaning of this ‘- -
phrase, the joint arrangement is defined by the following
conditions:

...-

(1) The butt straps must be of the s~=e thic”mess
and material. (A butt strap and the wain plate may -be of
different materials and may have any thickness ratio. ) —

(2) The bolt ?attern must be symmetrical shout the
longitudinal center line of the joint.

.—
(The pattern may

be unsymmetrical about the- transvetise center line lying
in the gap between main plates; such a case constitutes

.—.

two separate problems in the determination of loads
— ——

carried by bolts in the t-wo halves of the joint.)

(3) Bolts in the same transverse row must be of the
same size sna material but need not be tile same as those ‘-
in any other row.

In the analysis of a joint as a statically indeter-
minate structure, there are certain conditions that must
be known or assumed. For the present solution, the
following assumptions are made:

..

(1) The ratio of stress to st~ain is constant.

(2) The stress is uniformly distributed Over- the
cross-secticns of main plates and butt straps. --

(3) The effect of friction is negligible. .

(4.) The bolts fit the holes initially, and the
material in the immedfate vicinity of the. holes is not
damaged or stressed in making the holes or i.mse~tin~ the
bolts , --—-— -
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.——

(5) The relationship between bolt deflection and
bolt load is linear In the elastic range and may be

expressed as 6 = $, in which C is a bolt constanti

to be determined subsequently.

A:nalysis of symmetrical butt joint- fmtened by
fn a ~~ngl

bolts
line In line of app lied load. -

~ th~ prob
Brfef’ly, sclu-

lem consists of the f’ollowing steps:
After :Load is applied,
i and i +1

a part- of the joint- between bolts
within the jointrtm- considered (fig. 18),

and the le~th p + A.O along the main plate between the
two bolt-s is added to’ the deflection of bolt i + 1 and
equated to the length p + As - along the butt straps
between the two bolts plus the deflection of bolt i.
The deformations are expressed as functions of the loai
and deformation characteristics of’ the plates and bolts,
The resulting equation is solved for the bolt load R~+l
in t-erms of the bolt load Ri, the joint load P, and

the elastic consts.nts of the plates and bolts.

Tt may be seen in figure 18 that

P +–A? + ~i+l =p+A~+~i

or

5i+l =6i-Au+Aa

From assumption (5),

Ci+l
— ~i+l‘i+l = ~

and _ . .-

,-
Ci

51 = -@i

The load in the main ~late between bolts

(A2) ,

i and 1+1
is equal to the joint load P minus the sum of the loads.

on all--bolts < R preceding the part ofithe joint und9r

consideration;lthat- is,

Load inmain plates between bolts 4-iandi+l=P-&
1

.
.

R

. .
--
..-.

.,..=z= ,
.

.
---

.

.

a-

..-
.-----.—

..-. .

..

-----

.

,F-
. .

* ...

-- .

“
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The loads in the butt straps between bolts i and
1 are equal to the sum of the loads transmitted to -
butt strips by all bolts p.reced~ the section under

consideration; snd since ,there are two butt straps, *

Load in one butt strap between bolts i and i+l=+>R ~~

With thesa relations .and the second assumption, the
plate deformations may be written as

‘P = bt:E
( ).
‘-3R

1

As =
lp

.+ R>-Y

Let

P
btpE ‘%

P
‘=K~
bt~E

The plate deformations may then be written

K2 i
A~’~~R

1

~;$~~ituting expressions (A2) and (A3)

Ci+l R1+l = Ci

()

.
—.

T
~Ri-KP P-~_R

1

Solve. for Ri+l

(A3)

into equation (Al)

‘Rl+ 2KP + KS

Ri+l = Ci+l Ci+l &R;~wp ~
1 Ci+l

:

—

—

.——

(M.)
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Nuxierical work is facilitated by letting

+
,R =Ri+~R

T 1

Rewrite equation (&. )

Equation (A5) is tk.e general reletionsbi:~ between
tie loads on any two gucc~si~e ~o~t~. In the forr, shown!
this equation is re8d}ly adavtable to numerical calcula-
tion without obtaining gener&Z formulas for loads carried
by ~ndividual bolts of tf~e joint. If deemed are~erable,
equation (A5) may be used h det-ernine general” expres-
sions for individual bolt loads. The nm,erical procedure
is illustrated in appendix B, and general fornulas for
loads on the bolts of the three-bolt test specimens are
snown in appendix C.

A case that occurs frequently is that in which the
bolts are all of the same material and size and the butt

,. ;= 4----.
.:.._*<:

.-

—

L-..

u-

.
,-.

straps are of the sane material .RS the main plate ~Lti~ a
-. . .

thickness equal to one-hall--that of the main plate.
Then ~~~

.

and

.—

Equaty.on
nenorted

—

(A&)
-. ....-.

tests
--

Analysis of symmetrical butt jrYint-festened by bolts
~

in sel~eral lines parallel
-Ineral cage illus~-ra~ed

to s.p~liad load. - A solution oi’
i fi lq way be obtained

if, in addition to the assumpt?onsgya~e In the first sec-
.

tion c)f this” a~oendix, it is assumed that the bolts in
any transverse rcw i are loaded equally. In a manner
simil~lw to that in which equation (A5) was obtained, It
Kay be shown that

:%
—
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‘(A7)

-L

Tt is Probable that less” accuracv would be realized in
the ap~lication of equat-ion (A7)’”in the analysis of
joints of the type illusttiated ifi figure 19 than in-the
analysis of joints of the type shown in figure .17.-

~os.neF

(reference 4.) developed a relationship for lap joints
similar to equation (A7) from a consideration of plats
deformations in tension and in b~ari~ o,f,the plates .-under
the bolts or rivets. In the determination of bolt” con-

—

stants, Posner neglected the effticts of slieatif~, “be”riding,
and bearimd of the bolts. AS a requl-t, for &riy given bolt
pattern and joint width, Posner~s “solution yields idenii-
cal results for all bolt sizes or for all plate thick-
nesses when the thickness ratio of the lapped plates i:
constant. The solution contained herein, ‘tihichis--in
agreement with the test results, shows that such a con-
dition does not exist for butt joints.

Determination of Bolt Constant C .

Factors affec,tinq C.- In the development of the
general bolt-load relationship, it was assumed that a
linear relation exists between bolt deflection and bolt
load in the ““elastic range, The relation is stated as

DC&62 (A8 )

From equation (A8) it may be seen that C is affected
by the factors that influence deflection. These factors
are shearing, bending, and bearing of the bolt;. and, “as
C is used herein, the localized effect of bearing of the
plates is included in the determination of C.

Since the bolt is loaded and acts in a highly com-
. plex manner, the deflection is not readily determined.

A solution for C will be obtained by assuming the bolt -
to be a fixed-end beam loaded as shown in figure 20. As

. related to this assumption, it should be remembered that ““
the theory of elasticity shows that the basic assumptions
underlying conventional beam analysis &re violated--when
sur.h analysis is applied to this case. A more refined
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solution appears unwarranted, however, in view oi’ the
uncertainties introduced by the practical conditions of
joint construction. Furthermore, the nature of the prab-
lem and present experimental results indicate that–a
highly exact detemnination of C is probably unnecessary.
Expressions obtained on the basis of the foregoing and
subsequent assumptions, however, require experimental
checking over a wide range of joint-arrangements before
they may be considered generally acceptable.

..-—
-r..

.“—.

s..-

“

Effect-of shear bending, and bearing of- bolt.- The
defl~>ction caused by shear, bendi ng~ or bearing Is deter-
mined separately and equated to an expression of the form
of equation (A8) to obtain th# part wf, C that may be
attributed to each effect. Deflection is measured rola-
tlve to a line that p&sses through the centroids of the
end cross sections of the bolt, and. shearing and bending
deflections are found at the center of the span. The
unit bearing deformation is defined as a percentage of
the bolt diemeter, and bearing stress is computed in the
usual, manner as R\tll. The bsarlng modulus of the bolt
~br *S assumed equal to the ccmpressi.ve modulus of the

bolt material. It is then found for shear that
.
._-..

a(2ts + tp)
Cbs =

4C~Ab

:*—---

(A9) .
—.

where a is a constant dependfn upon, the shape of the
fcross section and is equal to 4 5 Tor a circular sectzion.

Thus

For bending,

, .- ‘...

..-

(Alo)

_..-—
—.-

8tis3 + 16t~2tp + 8tst 2 + tpj
Cbb = —

192~b~b
(Jill)

For bearing,

2t~ + tp
Cbbr =

%tip%br

.

.-

.-
--
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Effect of bearing of plate.- The assumption of a
uniform distribution of stress in the plates gives satis-
factory results when an average elongation is the quantity
to be determined. Such an assumption, however, does not -
take into account the localized effec~of. beaririggb~~he
b~lt on the. plates. This effect is of greater importance
when the bolt is of a harder material with appreciably –“--
greater bearing strength than the plate than when the
plate is harder. This statement maybe clarffled by a
consideration of the behavior of a bolt and a plate under
bearing load. The material of the plate can flow outward
at the edges of the hole and t’nereby ‘permit further
bearing deformation. This action produces a bulging gf
the plate under the bolt, an e“xample of which may be seen
by inspection of specimen A-1 in figgrp 3. The bulgi~
induces a secondary effect by increasing “the befiing area
which in turn tends to provide gre=ter resistance to
besring deformation. The material of the bolt is mor-=””

.-

confined than that of the plate; consequently, the bolt”
must deform more by a process of compaction than by flow
of the contact surfaces. It fol~ows that the two con-
ditions represent different aspects of the bearing prob-
lem and that bearing of the plate is more cr~tical when

.-

the material of the bolt is as hard ag ‘or harder Than
.—

that of the plate, which is generally the prevailing con--
dition in airplane structures. Epstein (referenc6 ~)
arrived at similar conclusions in regard to the besring ‘-
actions of the bolt and plate as a result of his investi-
gation of bearing strength. Thereforel in the deter-
mination of plate deformations, provision must be”made to
include bearing deformation of the plates. Although
bearing de~ormation is a function of the dimensions and
elastic properties of the plates as well as the load,
this deformation can be estimated more readily in terms
of bolt behavior. For this reason, the resulti~ correc-
tion is applied to the bolt constant C rather than to
the plate constants ‘P and Ks .

The unit beari~ deformation of a plate is defined
as a percentage of the hole diameter, and the diameter

● of the hole is assumed equal to that of the bolt, Bearing
stress is computed in the usual manner” as R\tD . In the
manner used in connection with sheering, bending, and

. bearing of the bolt, it is found that .._

1 2
C%r —+t’= tsE~br p%br

(A13 )
—

—.

.—

—. .

—
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where ‘sbr and ‘Par are the bearing moduli of’ the

plat=s, which are assumed equal to th= compressive moduli
of the plate materials in the calculation of’ C.

Combination of terms.- The bolt–constant C may now
be defisl?mined by add ing expressions (A1O), (All), (A12),
and (A:L3)

c = Cbs + ~bb + Cbbr + Cpbr
—

8ta3 + 16~~2t + 8t~tp2 + %3

192Ebb1b

1“2
—+=‘sEsbr

. .-,> ;: Q...

2tg + Iqj-+
.-‘-~pEbbr.-

(A4)

,.When . . .-.

~g.= t>/2 ,

c = ;&‘ & +t&r ‘ tp:br + *

Since I ‘--- ..-”’‘-.‘.-–
...

Ab = Tl#/4

Ib = Tr&/64. ~

and if - ‘-- . : -. ------““ -“

Ebb
—=kl
%,

Ebb
—=k2
‘br

Ebb
—=k3
Esbr

(A15 )

.-

. .+.-
.-
.-.. .:;

, .

and ‘~”-

. .
—
-

—
.

-.

.
.=..

=
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.
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Ebb

—=k4‘l?b~

31

equation (A15) may be written

c =
* {*(:7[k’+WY’] 1+a2+-k3+~ (Alo)

J

Expressions for C for specific con,binations of
mater ~als. - The foi lowing expressions me limited to the .-

..
tp

case where ts = —:
2 .

●

✎

.

.

Case 1, If average values of e.nerally quoted moduli
of the structural aluminum alloys & -T, 17S-T, *-T,
2 S-T,5 and 75S-T are used, the values of k are within
1 percent of the rOllOwings

kl = 2.66

and .

‘2 = ‘3=k4=1

For any combination of bolts and plates of these mate-
rials, therefore,

case 11. For steel plates and bolts,

Ebb = ~bbr = ~~br = EPbr = 29,000 ksi

%= l1,000”ksi

kl = 2.64
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and

Case TTI. For alumimm plates and steel bolts,

l’q = 2.61+

k“=l
2

and

2$,000
k3=k4=

lc,axl
= 2.73

j.nwhich 10,600 ksi is an average value of fihe compressive
n:odull of the previous ly ~.entior~ed aluminum aIloys. The
+.xpression for C is

1-.

,Zaze IV. For aluminum i.:ain
and steel bolts,

kl = 2*64.

J

plate, stgel butt straps,

.-

‘2 = ‘3 ‘-1 ‘ -------–

“4
= 2.75

and

. .
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.

.

.

.

●

Case V. For aIW~inUm main plate, steel b’~t~ straPs~

and aluminum bolts,
. ...— —.

q = 2.66

andc=++)lww] +=j=”
The preceding ex~resslor= can be ~e~erally, a,?plied .

by replacing ‘P
with a h~pOtli?tiiCal thckness equal t-o -.

n~le-half the total tlhic’kms9 Gf” the ylates; tha-t is,

.-

(A22)

Gecaus e of the anproxims te ne.ture of the expression for

c, the further approximebion inherent in equation (A2’~~
is justified end values of Cav may be rea’dily .ieterr?fined

that do not differ too much from those calculated from
equation (Au). In order to exa~~ine the differences
involved, the extreme case of t~ = tp was chosen and ~

the comparison is given in table 4.. Table 4 shows that

c is from 2 to 19 pergent >e~s than. G ~og any value. —. ... -
OY D/tpo =—
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NUMERICAL EXAMPLE

In orde,r to illustrate the applLcat-ion of equa-
tion (A5) in numerical calculations, solution of the
followi~ example is given, Consider a five-bolt joint
(fig. 18) made up of the following components:

Steel bolts:

D= l/~ inch

bb = .29,000 ksi
,

24S-T plates:

.-

Since ci+~ =
tion (l),

K3 =-~
- bt~E.—
..—

tn = 5/16 in.

tB = 3/16 in. .

P = 1 in.

b =2 in.

E =*1O,5OO ksi

Ci, equation (A5) may be writben, from equa-

2KD + KS 2~Pp +
~

2KP+ K~\ ~
cRi --75-- C +

(Bl)

1--
(2)(0.133)(10,50!3)”

1:------
‘m

.

2K p.&& 2
(2)(0.315)(10,500} ‘* “*

..

.-

--

. .
.

-.

. . .

.

-.

.

. ..-.- r
x“

i“-

.. .-
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The bolt constant may be determined from equation (A18)
by replacing ‘P with tav; then

c =
av

ta~ =

t av
—=
D

and

c av =

--Q- [.l, (*)2 [2.12 +(~y] +,.87,
tav~bb

1- J
-J

2t~ + tp = ‘(0.183) + 0.315
—

= 0.344
2 2“

*= 1.575
. .

1

437

‘q+& l..?+ lx&=o~
n—

c 3940 1°

5=3=0.133
c

.—

.

Starting with the second bolt, successive expressions

for each unknown bolt load are -written in terms of al by

means ~f equation (Bl):

RI = R1 = 1.000R1
.

R2 = 1=’4-4RI.- 0.153P =. 1.MR1 - 0.133P .-

.

33 = 1.’44R2 - 0.133P + .O.24-4.R1 —.

= lc244(l.’4-4R1 - 0.133P) - 0.153P + 0..’4R1R1
..J-

f

= 1.793R1- 0.299P
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~~ =“-1.2~4R3 - 0.153P + 0.2U!.(R1+ R2}

= 2e77!3Rl - 0.5?7P

‘~ =-~.~R4 - 0.133P + G.W$(??l + R2 + R=)
~,

= 1.22(2.77821- 0.537P) -0.133P+ O.M.(4.O37R1 - 0.L;2P)

= 4.440R1 - 0.906P

!Jow,

D
A = ~~R = 11.25-5R1 - 1.875P

and t%reforo
.—

p~ =
$.,875 ~

= Q.256P
11.255

‘3
= 1,.797x 0.256P - o.259P = o“.I_59P

F/~ =“I+.)&o x 0.256P - o.gC6P = 0.22JP

Arithtmticgl check: P =~R = 1.00IP .-.
:rn the conventional nekl~od of ~alysi~, it is ~~~,a-ie~’

th~.t each bolt carries the same load, that is, R = 0.2CY~p.
Compering the f’ore~oing results wihh this value shows
that I;he”end bo~ts-~e”o~erloade~ ~~~ t~~”fnterior b~lts- “
carry less load than they are usuGlly considered to
SUJlpOI’t, Thus ,.-

,- R@ = 1.28.- .-
.—

!@l = 0.93

R#’R =“0.30 L

R~/R = 0.37
.-

R5/R = 1.111.

-.,

. .

-.
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GENERAL

LOADS

Equation
loads carried

EQUATIONS FOR

FOR SPECIMENS

AND CALCULATION OF BOLT

OF GROUPS A AND B

(A6) applies to the calculation Of the . .
by the individual “bolts-oT- specimens of

groups A and ~.B since 2KP = KS and the bolts are
all of the same- size and material. The expression is

2KS KS 2K~ <1 ~
Rf+l =Rt+–~Ri-~p+ —

e< (c+)

General equations.- For any two-bolt joint when
2KP = KS and the bolts are of the same size and materiall

it can be shown that RI =R2= P/2 . From equat~on- (C-l)”.
—

2K= KS
R2=Rl+yR1.7P (C2)

.—-

P =ZR=R1+R2”

.(

2KS Ks P
P =Rl+R~+ —Rl-y

c )

Since

and

therefore

p(~) . =+$()

R1 =R2= P/2 (C3)

Equation (C3) applies to the three specimens o< group
A, since all fulfill the necessary conditions.
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For t-m .Ioints oi’ group B, the
apply:
From symmetry

P =

Substituting equation

and

‘1 3=R

E R = 2.Rl

(c?) into

+- R2

(C4-)

NACA TN No. 10~1 “ ““- ““~

following equations .

(CL)

gives

%=(;: :)P

Substitution of’equation (C~) Into (C!)L)gives

:Tymical calculations for joint of group B,
specimen B-l.-

Frm table 1,

P = 2 in.

b = 1A in.
4

For the bolts,

(C5)

—.

.

.

(c6)
.

~ = 1o,500 k~i

-.

b

Ebb = 29,000 bi
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KS = ●--p =
,.~ 1

bt~E (1.2~)(o.”187) (lG,500) ‘~

39

From equation (A13)

Substituting @ this e~ression the values of %’ Ebb>
and tp/D gives

—.
.A1

c= a
‘o.1~ (1.5)2

t
[

J}

2.12 + (1.5)2
(0,374)(29,000)

+ 1.37

From equation (C5)

and from equation (c6)

R2 =

Tne values of R for specimens B-2 ~d S-5 w~re
found in like manner, and the elastic constants ail ratio’9
R\P for all specimens are shown in table 5. -.
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.Wk.avior of Specimens

Stress dist.?ibution in ~lates. - In tt.e analysis
Ti.ven Ln a~~er.”di.xA, tne & tress in the plates 1s assumed
t-mb~> “uniformly disfri.buted. The photoelas tic studies
oi’ Co!fer md Filon (reference 9) and Frocht (tiefer-
ence 10) , however, show that a nonunif’orx stress
~lstribdtion exists in the platek of bolted jofnts .
In tl~e r@d.uctZQn of test data, _pla-fieloads wore calcu-
lntod on the .ss6umntion of a lmi”fofi,i-distribution of
stress; the stress was ccmputea frcm an sv9rage stiuain,
w~lich was- deter~.i.ned.as the =-ithmetical aver~~e of
t;h.reestir~.insmeasured on the q.age lines S.ho-wnin
fl~yu’e 17. In cmd~r to stud~ the r~miner in whi ck tfi.e
t;o?~estress- distribution affectsd the act.qsl ~clt loads
mld the calculated nlate loads, a %;ief diec?=sio,n Is .
qiven in connect~on with the obseiaved stu&lns ●

.

It was observed that the strain distrib~i~ion”
V~~-:.~d‘.~ithload (fi~a 1~) . At lU:V loads t:~a strain
dts tribution was amroxig.].ately uniform; but, as the
+(> 1?.+..-.. . load was ihcreesed, stuains - “Cl me a.s”urad on Gage
;ine 1 lncrea.sed at a faster rate than the stratns C2-

y,easured on .qage line 2, directly in line with t~~e bolts.
Althcu@ cl”’ ~-ncreased”vmra r“apby with load than C2

Et all sections, the amount ~il “rate”Gf fncreass varied
cons~derably frou section tc section of a specken.
All specimens exhibited simil~r beilavloz? but it was
somew-hab more pronow”ced in s-pecimens A-y =1 d B-3,
from which the” data plot~-ed in figure 17 were obtained.
The Plotted noi,nts represent the avereEes of strains
measured with all g&ges, which were locete<, in similar
nos itions on t?he butt straps .

I,oad-strain behavior. of’ t~;e tyue shown in- iigure 17
has been reported previously (qkferences 5 and 11} .
In reference ~ several sets of stress diwgra~:s for
rivet,sd and pin-connected joints ars .@_vaq, which
indicate the Yme tendency a-d in “some cases show t!~at
filrectlv in line” wit:t the rivets the stress c;am~es

—

. —-
●

-
L.

.

—-
-—

.-

.-

.—

.-
●

— —
—
—
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frcm tension at low loads to compression et higher loads.
If an irreguler strain distribution based on the diagrams
of reference 5 is essumed, glate loads may be calculated
and compared with the ~late loads computed on the basis
of average strain; the following comparisons are made
on t-his basis.

The greatest percenta~e vsxis.tion of measw”ed
strain occurred at section 2-2 of specimen A-3 at a
joint load of 8.5 kips, where the center strain

‘2
was angroximately 25 nercent less than the average
strain Cav ●

The load in the butt straps- at--this

section co~uted on the assumption of the irregular
strain distribution iq about ? percent greater than
the load computed on the basis of average strain. The
two methods give loads at section 2-2 that dfffer by
about 3 percent for specimen B-3 at a joint load of”

. .. . .appr.oxin:ately two-t-nirds the ultimate and for s?ec”fmen
A-3 at about one-half the ultimata. At lower joint
loads the differences are negligible. At section 1-1

.

—

. the difference is less than > p~rcenh In all cases. —.

. At section 3-3 of specimen B-3 the maximum .dif~_erence
is 3 percent. For the remaining speciinens the
differences at corresponding sections are less” than

. those just cited.

It may be concluded in regard to the specimens
of these tests that, at the section= where strain
measurements were made, the assumption of’ a tiiform
stress distribution nrovides a satisfactory means for
the calculation of plete loads, The plate constants

>er ~~t ?f’load

which are assumed equal to plate deformation ‘ ‘

are not necessarily determined with ‘
corresponding ac~uracy on the basis of the same
assumption. The stress distribution undergoes a very
considerable change fror, a section midway between
adjacent bolts to a section thxough the bolt hole.

.-

High str9ss coricentrations are present in the v’icin~y
of’ the hole, which cause yieldin~ of the material
early in t’ne load history of a joint and” are l-arge-ly -
responsible for the action illustrated in figure 17.
To take such action into account theoretf.tally would ---
involve correctiori of the plate constants Kp and Ks,
which. would result in nonlinear curvgs_ of joint load
~gaint bolt load (p-R) for all- bol~s of a joint.

-.
S,lch

. ,corr,ection indicates that t’he first bolt carries a

—

.,
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Rreater 10ad than is at present determined by means Of
any proposed elas.t~c t~~orY. Previous investlgatmrs i
h~ve “found ex~eriment&l Q determined loads on Ha first
bolt greater than tkose computed by means of an elastic
theory (references 3, ~, and 6 ). It will be necessary,
;-~owever, to secure r.cme liiforr~.atfonabout the stress
distribution before revjsed values of K“-”cw” be
lncorooratecl in the theory.

Lateral bending acconipariyin~ tran~fqr c.f ‘colt
loads Co butt straps. -.ln the ana.1~’sisgiven in
appendix A, a bolt Load is assumed to be distributed
unif c)rmly along the bolt. It has lonF be-en recognized,
however, that the kolt Z.oad is dlstribated so that
the result~lt of the #oRtion transmitted to one butt
strwp lies within the half-thickness of the butt strap
aa jac.ent to therma,in plate. As a result, a lateral
bendi,ng mo~ment actin~ in a p lane normal bt.he plane
of” the butt strap is induced in tb.e strap. This mmr.ent
1s resisted par”tly by i’lexur~l sttffness d’ the strap ,
and ]:artly by direct te~;slon in the bolts . In these
‘.”.ests the- nuts were Ioosenod in order to minimize
frictional effects md ror this reason le.teral bending
was largely resisted b;- stii’.friessof hl’~estraps .

we oresence of lateral betiding morniintin the butt
strs.tishas a negligible effect on the values of the
bolt -loads . A~~r@ximabs calculations indicate tlmt this
leteral bending moment aff’ects the load on the first
‘Dolt to sn extent of the order of magnitude of 0.2 per-
cent ---The Princlpsl difficulty caused by la beral
bendin~~ lies in th-e interpretation of strain data.
Because of this bending efi’ect, ca-rection-.of calculated
plate “loads is necessary iri some csses; this bending
is explained in the followin~ section in con”ne”ction with
thosaspecimens for which co~rection was required.

.

.

.—

.

—

-.

— —

The presence of I.ateral bending moment W_ES co~~tirmed
e~:periment-ally by stra!n measurements taken on the oubr
surfaces of the butt s:raps ab-the centers of tke joints.
Ths.t ,monent existed In all cases except thin specimens may
be verified by reference to table 6. In table 6 the .

test specimens are listed according to decraas@g
thickness of the plat=s as evidence-d by increasing ratios -
of ~ol.t diameter to butt-strap thickness D/ts . The 9

tabulated vai~l.esare ratios oi intmnnsl load to a~nlied
load. Internal loads were determined afi three sect-ions,

.-

..- -..- —



at each of which. it was known frorl condlt ions of equili-
brium th&t the total applied load was resisted. by the
;>lates unon wE.ich strain measurements were ,made. Ija~~~s
of ‘u and PL were calculated from strairi data

obteinad at sections 3 inches beyond ,t;h~first bolt
In the upper and lower rain plates, respectively
(f’i~. l). Values of P~ were calculated f’ro?zstrain
me.ssurer.ents ia’ken on the butt stra~s at the centers
of the joints. It way be noted from table o ,t~at
P#P is less than Pu/P and P~~Y. _..in”which case

each of the last twc always have the e.xpected value of
unity within 2 percent. Also Ps/P is infl’~enced by

Ghe number of bolts fastening the plates and ciecreeses
frol~:unity as D/t~ decreases . Ttis ?xihav-ior i9 --

attributed to m.ora flexlmel res.ist~mce of’ the butt
straps together wit-u greater bendin~ dqflectien of’ the
bolts in the thicker svecim.ens, which ts accor~:~ahietiby -
greater bolt-load eccentricity. Curves uf Ps are

shown iil figures 5(a) smd 7(a) to 15(a). It ray be -
seen in figares 10(a) to 15(P) that Ps/r i.s cor=i.ant,

which .is indicative of’ a constarit bolt-load eccsntriclty,
un to one -half of the ultimate load. The fial~tiofisl,ip
c&&E~s to b~ linea~ at hi~her loa?s, sxce?t” i’or s~ect-
mens A-; and 5-3. ~vidently- tk.e-.butt-strep ben.din~
increases at a g~eater rs.te >eceuse af increasing- bolt-
load eccentricity attributable ta the large_ bolt
~ieflection.s th~t occuii at hi~h loads.

.. -
Curves cf F~

and PL ~ve not gresented, as the straim behavior was
,fllllyin accord with that which woula be predicted at-
ssctions where these va,lues”were determined. KS the
tests I{ere in :roqress~ it was observed that the effect
ot tb.e eccentric locatio~ of ‘LY,svesult”ant bolt loads
caused che free ends of the butt -straps to move outward
from tn.> main plates . hicve:,ler-twas, of course, per-
ceptible only Et Iilgh loads . A simi.lar behavior has
“oeen noted by previous tivesti~ators (reference 12) .

---. — —

-. —.
. . -——

.-

.,.

In the usual types of bolted or riveted joints,
it &ppe ars likely that bending of the straps would-be
relieved ~ppreciabl~ because cf” tension in tti~ebolts tir
rl.vets, except at loads approaching t:~e ultimata . As
the bolts or rivets undergo Iargg deformations at” loads
near the ulthate, they are unable to c-arry t% tefisile “”
loads necess sry to relieve ben din{,.

.—

.-
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Calculetfioncf bolt loads from str~in deta. - 7n
~enera , the load on R~ ;ie differ-
~nce ~etwse~~ butt-stra~ loads at secbioris on each si.da
of the bolt. The tensile modulus of elas~icity used
fl.othe calculations was E = 10,~GO ksi. SZress-ztra.n
s~uves plotted from ter.sile test data ~or coupons
“ePreEfentiilflthe plates were ty’>ical of 21+J-’Ta.lmiri-wn
~.lloy; moduli of! elast~city deterw.ined from these
c~:.rv~swere witnln 2 percent of the recommended stemlard
Valusmf lo,~oo ksi.

:?’ors“~ecimens A-7 e.r~d3-3> the b-~tt-strap loc.ds
were oamputed as t!?.e.@?08s area Of a butt–sb??~? binea
tiie averaze stress. The avereg~~,stress was consiaereil
to be equal to the arithmetical averaRf3 of thrae
%asm?ed strains rnultinli.ed by the modulus of elasti.clt::.
‘he load on the first bolt RI was found by adding the -.
bl~~t-:Jtrao loadg at section 2-2 for sneci.men A-3 and .aL
cecti(>n 5“-3 for specimen B-S (fiS. 17). Load on the .
second bolt ??2 was found by subtracting RI from ‘the

sum of tne-butt–-straa 10ads at section l-l f-Or s-08ci-
iy:enA-5 and et section 2-2 for spectien B-3. ~o”p fi-3,
lnad on the third bolt R3 was fOund by subtrsc~hg

t~:iequantity F?l + R2 fron the sum of the butt-sh?ap

loads Ps . et seti-tionL-”l. The rei~aining bolt loads

~~ > RcJ, and R~ were determined fn the same manner.

only at tha section where P~ was determined. It WaS

~ssumed that the errors due to bendin~ were nro~crtlonal

P~
-to — - l,ancl correction was i-r,ade”by multiplyin~ tlie

P

butt-s~pa~ loads by p/~g , after wti.ichthe bolt loads

were found in the manner used f’cm specimen A-?. ;;ith
res’~ect to snechens !3-1 and B-2, qualitative s“tudles
Irtdicated ls.teral bendinF mor,ents of the satie sun et

sections 1-1 snd ~-~ (fig. 17) wi.tn moment of o~:osite

-..
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sign at section 2-2. On this basis and the assumption
.

that the errors were proportional to > - 1> the butt -

strap loads were corrected by multiplyk~ the l~ads at
sections 1-1 end 3-3 by P/P~ afid the loads at see-’””““ ‘“----

tion 2-2 by P~/P, after which tke bolt loads were found

in the inanner used ~or specimen B-3. Although it was
clear that at any one joint load the same correction

.-.

factor did not apply at all” sections, since the moment
varied along the lengths of the butt straps, due consider-
ation of t~le several factors involved in the behsvior of
all specimens indicated that the correction procedure
was fairly adequate except at ‘nigh loads for specimens B-”1
and B-2. The curves of P~ are shown in conjunction with

the bolt-load curves in figures 5(a) to 15(a) because of
their interrelationship owing to the’use of -ps i.n the
deter-mination of correction factors.

Calculation of bolt deflections.- In studyhg tl~e .-

load ~stribution in bolted or riveted joints a number
of investigators have rt;adeuse of the ‘*loadslipU” rel&tion-
ship or the deflection of the rivets or bolts (refer-
ences 1, 2, ~, and 5). In the usue.1 types of bolted joint,
deflection of the bolts is not amenable to measurer.ent,
and the procedure to date has been to m,ake indirect
determinations on the sides of a joint by observation cf- ‘
the relative movement of tlhe plates. Such methOd9j
although approximate, are generally employed in the
determination of bolt deflections; but the accuracy with
~:hich.deflections are fcund cannot be stated with cer- -
taint-y. In the nomenclature of the present paper, the
deflection relationship is —

6 = CR/2 (ill)

The comparison of measured bolt deflections with values
determined from equation (Dl) furnishes a means for ,-

examination of the validity of the expression for the
bolt constant C.

.-

The deflection of bolts in specimens of groups A
and B was determined from data obtained during the tests
to failure by measurement of’ the spreading of the. gap
between-main plates at the center of each joint. Total-
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S.A.Z.2330 1

5 1.* 5.09 .O&5 .2621.2371.a9 .I021. .ZQ3 \
Job,Msts,od to
railX tomim

5 .67 1.33 .1$5 .3741.253I.&? .233 .467 Balanmd dml-

5 .50 1.00 .250 .5011.2531.*1 .313 .62$ JOYnt&w12nod t+
fall in ahemr

5 1.33 2.73 .0921 <1881.2531.*3 -U* .2% Jo-t deal ●d to
?’rail b UMlm

3 0 .59“1.00 .250 .4.221.2501.-O .313 .527 J4fti~:d::~ed to

5 u .63 1.20 .208 .400 1.1501.So .s60 .?@

TA2ZS 2

OmlYAm oo+J2u-ssE#as’mmmTss o? 1-22CHE
~R2AT2n [la hi) ALLQT-~ SmQs

-c.~ =br.~
salt led, R ?) Id (WY

Spafhml (UP.) c
(kall

I I I I
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A-1 7.98 81.3 103.8Arerag@or bolts1 aid 2 (rig.lb)
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TABLS 3
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.’ LOU AIDSTRSS9SSATRm MD FAILusS

4 .

.

#

7
I I

A-1 7.00 3.88 50.4 39.6 22.8 Is.% 103.8 81.4 31.9

W A A-2 8.00 b.m 38.4 46.9 16.o 16.C4+ 64.3 81.7 *.1

A-3
.

-----------........- ------ --..- ------- la762 131.2%.1 67.1

9heu.; bolts 1 md 2

Shakr; bolti 3 md k

Tamlca; atbolt & t&rOl@ Mt
meotlon of main plat*

TWI i UAOi w i
I I I 1 I I

44.7 42.3 30.6 23.40 .E!&.i79.6 62.7 Tans km; ●t bolt 1, thr@s@u.t
mmotlm or E.alnplat*

SiwarI bolts 1, 2 aid ~

OMnsLm; atbolt3, throughnst
sootlmofbutt atrapsI*3

I ‘“a I “a I70”4133”01 ‘“7 I ‘“02I ‘“3Ib“’1‘5”4
%arqsd ~ bolt losda in upper w.d lower joint-.
%mp.tad umtnsnot am. equal 80 proe.t of p.s. ares.

‘sued m Ivomgm of ~=ing ●trmma ●t Rop ror V.oimens A-1 md A-2.

%mtormlnak raw..t9st or ●peokm A-2. .
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II s s s 29,000 2.& 1 1 1 2.3 11.1
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IV A s 8 29,000 2.a+ 1 1 2.73 2.3 - 19.2
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TABLE 5

BOLT AND PLATE CONSTANTS

AND ANALYTICAL BOLT LOADS

Specimens

T A-1

Gl?OUp A A-2

---E
IGroup B B-2

-+-

D/tp ‘P
(1)

0.80 0.308

.50 I ●499

+-l-+
.50 I .501

I B-3” 1.34 I ●188
.

=--K+
1/354 I ------

*
1/355 I 1/1640

R~P I R2/P

0.500

.500

●~oo

.365

● 354

.378

0.500

.500

.44

. .

‘Based on measured dimensi-ons
2Not required

—..

..

.

.

●

TABLE 6 ..

EFFECT OF BUTT-STRAP BENDING AS SHOWN BY

COMPARISON OF MEASURED INTERNAL LOADS
-=,

Specimen D
~

A-2

A-1

A-3

B-2

B-1 ‘

B-3

1.00

1.60

3.09

1.00

1=33

2.75

Internal 10
Applied loa

I

1.000
I 09995

●994 I ●9U

.983 I 1.000

1.000 I .994

.995 I
.986

1.015 I 1.016

~
P

0.897

●935

.986

.9a

.965

● 994
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Standard tensile specimen cut
from central portion of

sheet from which main

plates or butt straps
were

P

%p ‘

obtained

.

,

Two -bolt join~j group A
..

(ii bolts, +- inch heat-treated
(IZ5ksi)alloy-steelbolk.,
electrical “st.ruin- gages, + -inch.
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NACA TN No. 1051 ..
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.

“.

Three -bolt joinfi group B .

..” “=. —
—.

Figure 1. – Test specimens and arrangement of strain gages. (Arrange -
men+ of gages duplicated on opposite face oi ~pecimen.) - ---- .-. +.:.
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NACA TN No. 1051 Fig. 2
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Figure 2.- General arrangement of sPecimen ‘n ‘eSting
machine.
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Figure 3.- Front view of fractured 8pecimens.
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Figs . 5a, b,6NACA TN NO. 1051 J
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-24
Bolt load, R,kipsInternal joint load, P~, kips

(b) Observed relationships between applied(a) Observed relationship

between applied and

internal joint loads.
joint load and bolt loads.

Figure 5. - Joint- load
.

and bolt-load curves for loading
of specimen- A-2 in the elastic range.
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P~ determined at this section,

P+ I o
I

Bolt I 234

Test run Load Unload

1 ❑
.2._ :

A

.3 v k

4 — (To failure)
.
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—E

u .5

* NATIONALAOVISORY
CWWTTF.Sm MROWJTKS

-I--.54

Boltload,R, kips
. .

Figure. 6.-Observed relationships between applied joint load and bolt loads -
for loading of specimen A-3 in the elastic range.
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P5 determined at this sectii Test run Load Unload
o •1

P+ ‘ o 0 o~l:o o 0 +P ;OA

Bolt 123’ 456

12r

,1

Internal joint load, P~, kips

3v~

4 — (To failure)

–2 -4
Bolt load, R, kips

KWWWuACWSCW
CaM7mm~K.S

(a) Observed relationship be- (b) Observed relationships between

tween applied and intermal joint load and bolt loads.

joint loads.

Figure 8.- Joint-load and bolt-load curves for loading of speoimen

in the elastic range.

1

applied

,.

B-2

I



.—.,
,

, , I

,—’-22
~ de+ermineci at this secticm

P--l ooo~ooo P

—Bolt1234S6

P~ =.994P

--l 4

Internal joint load, ~~, kips

@ Observed relationship between

applied and internal joint loads.

Figure 9.- Joint - load and

,“

,, !:
,,

# , M r +

“~=.210P

1-1-1

Bolt load, R, kips MAT- -Y

timum —

z
(b) Observed relationships between applied joint load apd _>

bolt loads. ‘~i,
*

:. +
z

bolt - load curves for Ioodng of specinm~ 0-3 in the elastic range. ~

.

;W

o
m

11,1 -



r ,

O Experimental
14 —

Y

❑ F& at failure

12 .
/ ‘“

.*
x

(f 10
/ ““

.4

;8
+

%
‘6 k

%
24

d
,

2 -

Internal joint load, P~, Kips

(cI) Observed relationship between applied and

internal joint loads.
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/Failure of joint, P=lW6klps
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.

kr- A

~=.537P

M4TWLU —
mlnJm Fro-Da

Bolt laad, R,kips

(b) Observed relationships betwwn cpplied joint load -
and bolt loads.
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Bolt load, R, kips
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Figwe I I.- Joint- load and bolt-load’ curves for specimen A-2 tested to foilure.
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Internal joint lood, P~, kips
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Observed relationship between applied and

internal joint loads.
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Failure of joint, P=23.4 ,kips II
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Bolt lood, R, kiPS
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(b) Observed relationships between applied .ioint load and ~

bolt .Ioads and cam”parison with calculated values. -

Figure 13. - Join-h-load and bolt-load curves far specimen B- I tested to failure.
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Figure 15.- Joint-load ad bolt-laad curves far spcimen B-3 tested to failure.
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0 Experimental Uav of bolts 2

, and 3 for group A and 3 and
4 for group B determined from

s / movement of gap
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!
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/ II A I N

h Deflectiaa .nt Rcr
IQ Y
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~—— Analytical, 6 = CR/2

I i / I I

, , I
1

&
1 I

B-2 A-2 B-1 A-1 ‘A-3
t I
J
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I I I I I

t

(d) Bolt deflections for specimens of groups A and B; 24S -T plates ,

gnd heat-treated (125 ksi) alloy-steel bolts. +

F.004+
Bolt deflection, 6, in.

(b) bolt deflections for auxiliary-shear -test specimens; SM. 6150 steel

plates and heat -treated (125 ksi) alloy+teel bolts.
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Figure 16.- Comparison of experimental and analytical bolt deflections.
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Figure 18. - Symmetrical butt joint with bolts in a single line

in the line of applied load .
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Figure 19. - SYmrnei-rical butt joint wi+h bolts in sev~ral

lines parallel to applied load. NATIONAL ADVISOR–Y
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Fig. 20a=c NACA TN No. 1051
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